Research in contextEvidence before this studyMorphine is used in neonatal intensive care in many countries for infants requiring mechanical ventilation. Preclinical studies suggest morphine might associate with long-term changes in behaviour. However, the mechanism is largely unknown.Added value of this studyIn children born very preterm (≤ 32 weeks), UDP-glucuronosyltransferase *UGT1A9 rs17863783* (synonymous variant of UGT1A6) and catechol-*O*-methyltransferase *COMT rs4680* genotypes moderated the association between neonatal morphine exposure and behaviour at 18 months corrected age.Implication of all the available evidenceOur findings highlight the importance of individual genetic differences in morphine biotransformation biomarkers in order to minimize long-term adverse effects of morphine exposure on behaviour in children born very preterm.Alt-text: Unlabelled Box

1. Introduction {#s0020}
===============

Morphine is used to manage distress in very preterm neonates undergoing mechanical ventilation in the neonatal intensive care unit (NICU). However there are concerns over possible long-term adverse effects on neurodevelopmental outcomes in this population due to their physiological immaturity and the difficulty of pain assessment. Morphine is the most common opioid analgesic used to treat neonatal pain associated with ventilation in the NICU \[[@bb0005],[@bb0010]\], and is often used to lower the oxygen needs in ventilated neonates. Morphine is metabolized in the liver into 2 active compounds, morphine-3-glucuronide (M3G) and morphine-6-glucuronide (M6G) by UDP-glucuronosyltransferase. The former is an opioid antagonist, and the latter is a potent analgesic. Adverse effects of morphine exposure include increased hypotension risk \[[@bb0015]\], respiratory depression with prolonged need for ventilation and increased time to reach full feeds \[[@bb0020],[@bb0025]\]. Morphine may have a specific effect on pulmonary mechanics or central (brainstem) respiration, possibly due to some as yet undefined direct toxicity such as histamine release and/or bronchospasm \[[@bb0030]\]. There is evidence in basic animal research suggesting morphine exposure induces long term changes in behaviour and brain function \[[@bb0035]\], and spatial recognition memory \[[@bb0040]\]. Therefore, it is important to understand the mechanism of morphine to improve the pain management for infants in the NICU and to improve the safety of morphine usage during ventilation.

Children born very preterm (≤ 32 weeks gestation) are exposed to repeated pain and stress of invasive clinical procedures during this critical period of rapid brain development. Despite the improved survival rate, children born very prematurely have greater risk for difficulty in attention, learning and memory, as well as behavioural and emotional problems \[[@bb0045]\]. Moreover, children born very preterm have increased rates of depressive and anxiety symptoms (internalizing behaviour) \[[@bb0050], [@bb0055], [@bb0060], [@bb0065], [@bb0070], [@bb0075], [@bb0080]\]. Our group have previously reported that greater morphine exposure in very preterm neonates was associated with more child internalizing behaviour at school age \[[@bb0085]\] and with reduced cerebellar growth from early in life to term equivalent age \[[@bb0090]\]. Neonatal pain/stress exposure was also associated with more behaviour problems at 7 age years in children born very preterm \[[@bb0095]\]. However, given similar exposure to neonatal pain/stress and morphine, not all children born very preterm will develop behaviour problems. One explanation is that variations in genes involved in morphine biotransformation may contribute to inter-individual variations in morphine response and susceptibility to adverse effects. Therefore, genetic predispositions and the interactions with environment may play an important role in identifying increased risk of behaviour problems in children born very preterm.

An opioid panel was created to better classify genetic variation using single nucleotide polymorphisms (SNP) in morphine\'s biotransformation pathway. Candidate gene variants that may influence responses to opioid therapy and pain perception were targeted based on previous evidence from (e.g. \[[@bb0100],[@bb0105]\]), including multidrug resistance transporter (ABCB1), opioid receptor mu 1 (OPRM1), UDP glucuronosyltransferase 2B7 (UGT2B7) and 1A6 (UGT1A6), multidrug resistance-associated protein 2(ABCC2), multidrug resistance-associated protein 3 (ABCC3), solute carrier organic anion transporter family member 1B1 (SLCO1B1), cytochrome P450 (CYP3A4), and catechol-O-Methyltransferase (COMT). UGT1A9 rs17863783 is a synonymous variant (Val209Val) in UDP glucuronosyltransferase 1A6 (UGT1A6) and was included in this study in place of UGT1A6. A brief outline of their role is summarized ([Fig. 1](#f0005){ref-type="fig"}).Fig. 1Genes involved in the morphine metabolism.Morphine is glucuronidated to morphine-3-glucuronide (M3G) and morphine-6-glucuronide (M6G) by UGT2B7 in the liver and UGT1A9 in the liver. Cytochrome P450 CYP3A4 is involved in the biotransformation of morphine to normorphine (NM). Transporters (ABCB1, ABCC2, ABCC3 and SLCO1B1) are also included in this figure as they influence clearance of morphine and their metabolites. The transporters present at the blood-brain barrier as well as metabolic enzymes (COMT) and receptor (OPRM1) also play an important role in the pharmacokinetics of morphine.Greater enzymatic activity of UGT2B7, UGT1A9 and CYP3A4 is associated with higher levels of morphine metabolites. Greater density of OPRM1 is associated with greater morphine analgesic effect, while greater density of ABCB1, ABCC2, ABCC3 and SLCO1B1 was associated with less analgesic effect. COMT is associated with pain sensitivity and may be associated with OPRM1 density.Fig. 1

In order to further our understanding of the possible mechanisms that may lead to long-term behaviour problems related to neonatal morphine exposure in children born very preterm, the aim of this study was to explore the roles of SNPs in the morphine biotransformation pathway and their interactions with morphine exposure (adjusted for confounding clinical factors) to predict behaviour problems in children born very preterm at 18 months corrected age.

2. Method {#s0025}
=========

2.1. Participants {#s0030}
-----------------

Participants were included from a convenience sample of infants combined from two longitudinal studies of long-term effects of neonatal pain/stress on brain, stress and neurodevelopment of children born very preterm (24--32 weeks gestation) (e.g. \[[@bb0110],[@bb0115]\]), admitted to the level III NICU at BC Women\'s Hospital in Vancouver Canada. The first cohort was recruited 2000--2004 (*N* = 58) and the second cohort 2006--2012 (*N* = 133). Total of *N* = 191 children born very preterm at 18 months corrected age (CA) were included in this study (105 boys/86 girls; mean age 19·3 months CCA \[s.d. = 1·1 months\] range 17·9--23·8 months). 12.5% of the 2000--2004 and 7.8% of the 2006--2012 cohort was lost to follow-up. Parents completed questionnaires while children were undergoing psychometric testing.

Exclusion criteria were no genetic syndromes, or major cognitive, sensory, motor impairments, or diagnosis of autism spectrum disorder. Patients with major cognitive, sensory or motor impairment were excluded because the etiology of their poorer outcomes would be very different and we will be unable to conclude whether the poorer outcomes were due to disability or due to early exposure to pain-related stress. This study was approved by the Clinical Research Ethics Board of the University of British Columbia and the Research Ethics Board of the B.C. Children\'s & Women\'s Hospitals, and conforms to the conventions set out in the Declaration of Helsinki. Written informed consent was obtained from parents.

2.2. Neonatal data {#s0035}
------------------

Daily prospective medical and nursing chart reviews were carried out by an experienced neonatal research nurse. The data collection included but was not limited to, GA, birth weight, illness severity on day 1 (Score for Neonatal Acute Physiology \[SNAP\]- II \[[@bb0120]\]), days of mechanical ventilation, presence of culture proven infection, number of surgeries, and cumulative dose of morphine ([Table 2](#t0010){ref-type="table"}). We quantified neonatal pain/stress as the number of skin-breaking procedures (e.g., heel lance, peripheral intravenous or central line insertion, chest-tube insertion, and nasogastric tube insertion) during the stay in the NICU, as previously reported (e.g. \[[@bb0115],[@bb0125]\]). Each attempt at a procedure was counted as one skin-break; all nursing staff in our NICU have been trained to precisely record each attempt. Cumulative morphine exposure was calculated as the average daily dose (i.e. intravenous dose plus intravenous-equivalent oral dose) adjusted for daily body weight, multiplied by the number of days morphine was administered.

Morphine was the opioid used for routine management of mechanical ventilation in the preterm population at this site. The morphine starting dose was according to the hospital pharmacy protocol based on the infant\'s weight on that day. Morphine dosing was then adjusted according to ongoing clinical assessment of pain and illness severity by the nursing and medical staff. Other opioids were only given in the context of surgery, thus rarely used in the study site. Number of surgeries was included as a neonatal clinical variable in data analyses.

2.3. Measures/assessments {#s0040}
-------------------------

Parents completed the Child Behaviour Checklist (CBCL) for children ages 1·5 to 5 years, \[[@bb0130]\] the most widely used questionnaire for identifying problem behaviours in children. The six DSM --oriented scales (Affective Problems, Anxiety Problems, Pervasive Developmental Problems, Sleep Problems, Attention Deficit/Hyperactivity Problems, and Oppositional Defiant Problem) and two higher order-factors of Internalizing and Externalizing Problems were used in the study. Raw scores were converted to age-standardized scores (T scores with mean = 50 and SD = 10) based on the normative samples of children for age separately by sex \[[@bb0130]\]. The CBCL has an alpha coefficient of 0·97 \[[@bb0130]\].

2.4. Genotyping {#s0045}
---------------

Scientific literature and publicly available databases were screened and functional polymorphisms in candidate genes (*ABCB1, ABCC2, ABCC3, COMT,* CYP3A4, *OPRM1, and SLCO1B1)* were selected for genotyping. DNA was extracted from maternal saliva samples using a QiaSymphony™ DNA Purification Instrument (Qiagen, USA) according to the manufacturer\'s protocol.

Variants in ABCB1 (rs2032582, rs1045642, rs1128503), OPRM1 (rs563649, rs1799971), UGT2B72\*2 (rs7662029), UGT1A9 (rs17863783), ABCC2 (rs2273697, rs17222723, rs8187710), ABCC3 (rs2277624, rs11568591), SLCO1B1 (rs4149056), CYP3A4 (rs2242480), COMT (rs4680) were genotyped using TaqMan® genotyping assays according to the manufacturer\'s recommendations for ABCB1 (C_7586662_10, C_11711720C_30 + C_11711720D_40, C_7586657_20), OPRM1 (C_809947_10, C_8950074_1), UGT2B7\*2 (C_30720663_20), UGT1A6 (C_25972736_20), ABCC2 (C_22272980_20, C_25591743_30, C_22272567_30), ABCC3 (C_15885015_40, C_31810858_20), SLCO1B1 (C_30633906_10), CYP3A4 (C_26201900_30), and COMT (C_25746809_50) (Thermo-Fisher, USA).

2.5. Statistical analysis {#s0050}
-------------------------

Constrained Principal component analysis (CPCA) with interaction terms was used to examine sex, morphine exposure (adjusted for neonatal clinical confounders: GA, SNAP-II, infection, number of invasive procedures, number of surgeries), genotypes of genes involved in the morphine metabolic pathway (ABCB1 (rs2032582, rs1045642, rs1128503), OPRM1 (rs563649, rs1799971), UGT2B7\*2 (rs7662029), UGT1A9 (rs17863783), ABCC2 (rs2273697, rs17222723, rs8187710), ABCC3 (rs2277624, rs11568591), SLCO1B1 (rs4149056), CYP3A4 (rs2242480), COMT (rs4680)), and their interactions in relation to behaviours measured by the CBCL (Internalizing, Externalizing), Affective, Anxiety, Pervasive Developmental, Sleep, Attention Deficit/Hyperactivity, and Oppositional Defiant problems). CPCA is a 2-step process, referred to as the external and internal analysis.

The external analysis consists of a multivariate multiple regression of the dependent measures on the independent measures, producing predicted and residual scores for each dependent measure. In the present study, the matrix of predicted scores (Z) consisted of CBCL outcomes that were regressed onto neonatal clinical variables (G1) and genotypes (G2), then to the interactions between clinical variables and genotypes (G1 xG2). For G2, the homozygous and heterozygous of minor alleles of rs2032582_ABCB1, rs2273697_ABCC2, rs8187710_ABCC2, rs2277624_ABCC3, rs11568591_ABCC3, rs4149056_SLCO1B1, and rs2242480_CYP3A4 were combined and coded as 1 while the major alleles were coded as 0 because there were \<5 homozygous minor alleles. For the rest, homozygous of major alleles was coded as 0, heterozygous was 1, and homozygous of minor alleles was 2. Therefore the major alleles were the reference categories in all subsequent analyses. Missing genotypes (0.1%) were imputed by KNN (K-Nearest-Neighbor) methods. The internal analysis consists of principal component analyses on each of the aforementioned matrices (outcomes, independent main effects only, and interaction terms). The resulting component solutions (overall, predicted, and residual solutions) were examined to determine which CBCL behaviours were explained by the neonatal clinical variables, genotypes and their interactions. CPCA results were bootstrapped 1000 times to compute confidence interval and *p*-values. Multiple comparisons were adjusted by 5% False Discovery Rate (FDR) (Benjamini & Hochberg, 1995; Storey & Tibshirani, 2003) and Bonferroni method. Details of CPCA have been described previously \[[@bb0135],[@bb0140]\]. Computations for CPCA were done using MATLAB v 8.5.0 (R2015a) (The MathWorks, 2010, Natick, Massachusetts). Because of the extensive number of interaction terms in the CPCA, Generalized Linear Modeling (GZLM) was then performed using SPSS (version 25) to confirm the results.

3. Results {#s0055}
==========

3.1. Subject characteristics {#s0060}
----------------------------

*N* = 191 children born very preterm, with complete neonatal clinical data and the CBCL were included in the study. Only 0·1% of genotype data was missing. CBCL behavioural problems subscales at 18 months and neonatal characteristics were summarized in [Table 1](#t0005){ref-type="table"}. We could not examine the role of sedatives since only eight infants received a sedative (midazolam).Table 1Participant characteristics.Table 1*N* = 191Mean (SD)RangeMale (number, %)105 (55)Gestational age at birth (weeks)28·2 (2·5)24·0--32·3Birth weight (g)1125 (395)459--2350Skin-breaks130 (85)20--446Cumulative morphine dose (mg/kg)4·3 (10·0)0--58·3Cumulative midazolam dose (mg/kg)4·7 (12·5)0--77·0Days of mechanical ventilation32 (23)0--83Illness severity day I (SNAP-II)14·0 (13·0)0--56Number of surgeries0·5 (1·0)0--4Postnatal infection (yes/no, %)100 (52)

3.2. Constrained principal component analysis (CPCA) {#s0065}
----------------------------------------------------

The external analysis of CPCA showed that the predictors (sex, GA, neonatal infection, number of invasive procedures, number of surgeries, illness severity on day 1, morphine exposure, *ABCB1, OPRM1, UGT1A9, ABCC2, ABCC3, SLCO1B1, CYP3A4*, and *COMT* genotypes) accounted for 38·5% of the overall variance in CBCL behaviour problems. One component was extracted from the predicted solutions by neonatal clinical variables (G1) and genotypes (G2) independently (PC1ind), which corresponded to 5·2% of the overall variance. Interactions between the neonatal variables (G1) and genotypes (G2) accounted for 33·3% of variance of CBCL behaviour problems. Two main components, which corresponded to 17·3% (PC1 G1×G2) and 16·0% (PC2 G1×G2) respectively, were extracted from the predicted solutions by the interactions.

Component loadings, their bootstrapped *p* values and FDR adjusted *p* values for CBCL behaviours, predicted by clinical variables (G1) and genotype (G2) independently and interactively (G1 × G2) are summarized in [Table 2](#t0010){ref-type="table"}. All CPCA components (G1 and G2 independently and G1 × G2) were positively loaded on all CBCL behaviours, which indicated that greater component loadings were associated with greater CBCL behaviour problems. For behaviour problems explained by the neonatal variables (G1) and genotypes (G2) independently, one component was extracted (PC1ind) and it was significantly loaded on CBCL Internalizing (*p* \< .0001). Two components (PC1 G1×G2 and PC2 G1×G2) from the interactions between neonatal variables and genotypes were extracted to predict CBCL behaviour problems. The dominant loadings on the PC1 G1×G2 were distributed mainly on CBCL Internalizing (*p* = 5·8 × 10^−7^), Externalizing (*p* = 0·0004), Affective (*p* = ·0014), Anxiety (*p* = ·0031), and Sleep problems (*p* = ·0022). Meanwhile, PC2 G1×G2 were dominantly loaded on Externalizing (*p* = 2·2 × 10^−16^), Internalizing (*p* = 0·0014), Attention Deficit/Hyperactivity (*p* = ·0021) and Oppositional Defiant behaviours (*p* = ·0004).Table 2CPCA component loadings of CBCL behavior problems predicted by G1 G2 independently and interactively.Table 2*G1 G2 IndependentlyG1* × *G2 interactivelyPC1indPC1* G1×G2*PC2* G1×G2**VariablesLoadings*p* value**[a](#tf0005){ref-type="table-fn"}**BHFDR**[b](#tf0010){ref-type="table-fn"}**Loadings*p* value**[a](#tf0005){ref-type="table-fn"}**BHFDR**[b](#tf0010){ref-type="table-fn"}**Loadings*p* value**[a](#tf0005){ref-type="table-fn"}**BHFDR**[b](#tf0010){ref-type="table-fn"}**Internalizing pro0062lems**0·8826***\<0·0001*0·0002**0·7254***\<0·0001*\<0·0001**0·4687***0·0014*0·0054Externalizing problems**0·10600·68230·77980·3288***0·0004*0·0018**0·8658***\<0·0001*\<0·0001Affective problems**0·76050·02090·05770·7279***0·0022*0·0054**0·41030·0117**0·0187Anxiety problems**0·84960·02160·05770·8789***0·0027*0·0054**0·06960·69310·6931**Pervasive dev problems**0·73290·04300·08600·65350·0193**0·0258**0·45890·07030·0937**Sleep problems**0·58110·09010·14420·6868***0·0055*0·0088**0·32420·22180·2535**Attention deficit/hyperactivity problems**−0·08020·79870·79870·30210·16950·19370·7438***0·0021*0·0043Opposition defiant problems**0·39790·22350·29800·20830·20770·20770·8358***0·0004*0·0015**[^3][^4]

Predictor loadings for clinical variables (G1) and genotypes (G2) independently are summarized In Appendix Table 1. Positive loadings were associated with greater CBCL Internalizing. Component 1 (PC1ind) reflected neonatal infection, invasive procedures, rs1128503_ABCB1, rs563649_OPRM1, rs17863783_UGT1A9, rs2273697_ABCC2, rs2277624_ABCC3, rs11568591_ABCC3, and rs2242480_CYP3A4 genotypes. Greater neonatal invasive procedures and illness severity on day 1 were associated with greater CBCL Internalizing (*p* = 3·74 × 10^−7^ and *p* = ·004 respectively). Less ABCB1 activity, which may lead to greater morphine biotransformation, was associated with less CBCL Internalizing (*p* = ·0003). Also, less OPRM1 production was associated with less CBCL Internalizing (*p* = 0·0002). Minor alleles of multidrug transporter ABCC3 genotypes (rs2277624 and rs11568591) were also associated with less CBCL Internalizing (*p* = 0·001 and 0·00002 respectively). Finally, the minor allele of UGT2B7\*2 was associated with less CBCL Internalizing (*p* = 1·8 × 10^−6^).

All predictor loadings for clinical variables and genotypes interactively (G1 × G2) are provided in Appendix Table 2. The results were then split into 2 tables for the ease of interpretation: Significant interaction component 1 (PC1 G1×G2) ([Table 3a](#t0015){ref-type="table"}), and Significant interaction component 2 (PC2 G1×G2) ([Table 3b](#t0020){ref-type="table"}). In [Tables 3a](#t0015){ref-type="table"}, PC1 G1×G2, which was associated dominantly with CBCL Internalizing behaviour, was mainly explained by the interactions between UGT1A9 genotypes and neonatal variables. In Children with UGT1A9 minor allele, greater morphine exposure and greater number of surgeries were also associated with greater Internalizing (*p* = .0003 and *p* = .0001 respectively). Results were not significant for UGT1A9 major allele. Using the predictor loading of UGT1A9 × morphine dose (0·233) and component loading of CBCL Internalizing (0·725), every 9·3 mg/kg dose of morphine in children with a minor allele of UGT1A9 was associated with 7·8 increase in the CBCL Internalizing T score at 18 months. In children with ABCB1 rs2032582 any T allele, greater number of invasive procedures was associated with greater Internalizing as well (*p* = ·0003). There was no significant association between UGT1A9 genotypes and morphine exposure (r = ·023, *p* = ·751).Table 3aSignificant interaction terms for component 1 (PC1 G1×G2) Internalizing Problems.Table 3a**G1G2PC1** G1×G2**VariablesVariablesloadings*p* values**[a](#tf0015){ref-type="table-fn"}**FDR**[b](#tf0020){ref-type="table-fn"}**Morphine dose**×**rs17863783_UGT1A9**0·2330·0011**0·0288Invasive procedures**×**rs1045642_ABCB1**0·265***0·0003*0·0146Number of surgeries**×**rs17863783_UGT1A9**0·272***0·0003*0·0146**[^5][^6]Table 3bSignificant interaction terms for component 2 (PC2 G1xG2) Externalizing Problems.Table 3b·**G1G2PC2 G1xG2VariablesVariablesLoadings*p* values**[a](#tf0025){ref-type="table-fn"}**FDR**[b](#tf0030){ref-type="table-fn"}**Morphine dose**×**rs4680_COMT**0·25220·0006**0·0210Neonatal infection**×**rs1045642_ABCB1**−0·24650·0005**0·0210**[^7][^8]

After using Constrained Principal Analysis (CPCA) to identify the significant interaction between UGT1A9 and morphine exposure, to confirm our finding, a separate Generalized Linear Model (GZLM) was used to evaluate the relationship between morphine exposure and CBCL Anxiety, moderated by UGT1A9 genotypes. Morphine exposure, UTG1A9 genotype, and their interaction were predictors, with GA, infection, number of invasive procedures, number of surgeries, illness severity on day 1 as covariates. CBCL Anxiety at 18 months was significantly predicted by the interaction between UGT1A9 genotype and morphine exposure. In children with a UGT1A9 minor allele, greater morphine exposure was associated with greater anxiety behaviour (R^2^ = 0.962, *p* = .001) ([Fig. 2](#f0010){ref-type="fig"}).Fig. 2Interaction between UGT1A9 rs17863783 genotype and morphine exposure predicts behaviour problem at 18 months.Fig. 2

Component 2 of the interaction matrix (PC2 G1×G2), which was associated dominantly with CBCL Externalizing, was mainly explained by interaction between COMT genotype and morphine exposure (*p* = ·0006). In children with COMT Met/Met genotype, greater morphine exposure was associated with greater PC2 G1×G2 (Externalizing Problems). However, in children with COMT Val/Val genotype, less PC2 G1×G2 was associated with greater morphine exposure ([Fig. 3](#f0015){ref-type="fig"}). There is no significant correlation between UGT1A9 genotypes and morphine exposure (r = ·060, *p* = ·4121). PC2 G1×G2 was also explained by the interactions between the number of invasive procedures, neonatal infection and genotypes of multi-drugs transporters (ABCB1, ABCC3) ([Table 3b](#t0020){ref-type="table"}). Sex was not significant in interaction terms or main effects, therefore we re-ran the Constrained Principal Component Analysis (CPCA) model without sex as a variable. In the CPCA model without sex as a variable, all loadings and *p*-values were identical and the results remained unchanged.Fig. 3Interaction between COMT rs4680 genotype and morphine exposure predict behaviour problem at 18 months.Fig. 3

4. Discussion {#s0070}
=============

This is the first study to our knowledge that investigate the associations between neonatal morphine exposure, SNPs in morphine biotransformation, and later behavioural outcomes. In an exploratory study, we examined the role of single nucleotide polymorphisms in a morphine biotransformation panel (ABCB1, ABCC2, ABCC3, OPRM1, UGT2B7, UTG1A9, SLCO1B1, CYP3A4, and COMT) and their interactions with neonatal clinical factors, in relation to behaviour problems in children born very preterm at 18 months corrected age. We found that anxiety and depressive (internalizing) behaviours at 18 months were significantly related to interactions between neonatal morphine exposure and UGT1A9 genotype; and externalizing behaviour was significantly related to the interaction between neonatal morphine exposure and COMT genotype.

In this study, the relationship between neonatal morphine exposure and internalizing behaviour at 18 months was moderated by UGT1A9 genotype such that in children with the minor allele (rs17863783 T allele) of UGT1A9, higher morphine dose was associated with more internalizing behaviour. In our dataset, each increase of 9.3 mg/kg in the total exposure of morphine in children with a minor allele of UGT1A9 was associated with 7.8 increase in the CBCL Internalizing T score at 18 months after adjusting for other clinical confounders. One standard deviation in a CBCL T score is 10, therefore the higher dosing of morphine is associated with a clinically important impact on child behaviour (more than ¾ of a standard deviation), for children with this minor allele. UGT1A9 rs17863783 is a synonymous variant (Val209Val) in UDP glucuronosyltransferase 1A6 (UGT1A6), and is highly expressed in the liver, kidney and bladder, and moderately expressed in the brain \[[@bb0105],[@bb0145]\]. UGT1A6 is known to glucuronidate several different substrates including morphine, and this variant "tags" a specific haplotype of UGT1A6 (UGT1A6\*4) that has been shown to have altered enzyme activity \[[@bb0145]\]. However, this glucuronidate effect might be substrate specific. The minor allele of rs17863783 has been associated with increased mRNA expression and protein levels of UGT1A6 in-vitro and in human liver tissue samples \[[@bb0150]\]. Therefore children with a minor allele of rs17863783 may have greater UGT1A6 enzyme activity and lower morphine metabolites levels. However, no study linking this SNP with morphine metabolites levels is available and further studies are required. Carleton and colleagues recently identified this variant as highly associated with a serious adverse drug reaction to a commonly used chemotherapeutic agent \[[@bb0105]\]. The results of our present study further suggest the important role of UDP-glucuronosyltransferase as an early stage of morphine biotransformation to convert morphine to either morphine-3-glucuronide or morphine-6-glucuronide. One possible explanation of greater internalizing behaviour may be due to the accumulation of M3G and M6G from the increased UDP-glucuronosyltransferase levels \[[@bb0155]\]. M3G has been shown to dose-dependently evoke neuro-excitatory behaviours in rats \[[@bb0160]\] and may lead to neurotoxicity \[[@bb0165]\] \[[@bb0170]\].

Both UGT1A6 and UGT2B7 are involved in xenobiotic biotransformation, and UGT2B7 isoform is the most important in morphine biotransformation \[[@bb0100],[@bb0105]\]. Therefore, it was unexpected to find an association of UGT1A6 with morphine exposure and long-term behaviour outcomes instead of UGT2B7. One possible explanation may be due to the location of gene expression in the brain. Although in fetal brain, both UGT1A6 and UGT2B7 are expressed at very low levels, King et al. 1999 found that UGT2B7 expression was lower than UGT1A6 in the fetal brain and not expressed in brain cortex \[[@bb0175]\]. Also, UGT1A6 in brain has a much higher activity for serotonin than UGT2B7 \[[@bb0175]\], and thus may have a greater role in long term behaviour change.

The relationship between morphine exposure and externalizing behaviour was moderated by COMT rs4680 genotype so that in Met/Met children, greater morphine exposure was associated with greater externalizing behaviour. In our dataset, every 9.3 mg/kg dose of morphine in Met/Met children was associated with 4.5 increase in the CBCL Externalizing T score (close to half a standard deviation) at 18 months after adjusting for other clinical confounders. In children with COMT Val/Val, greater morphine exposure was associated with less externalizing behaviour. Specifically, in children with the Val/Val genotype, each 9.4 mg/kg dose of morphine was associated with a 4.5 decrease in the Externalizing T score after adjusting for other clinical confounders. The COMT rs4680 Met allele has previously been associated with greater pain sensitivity \[[@bb0180],[@bb0185]\], and was also associated with higher pain scores after painful procedures in adults \[[@bb0190]\]. COMT genotype was also found to be associated with morphine pharmacodynamics \[[@bb0195]\]; adult cancer patients with COMT 158Met/Met genotype were shown to require lower morphine doses for the cancer neurotrophic pain than the Val/Val genotype \[[@bb0200]\]. Moreover, infants with Val/Val may have diminished opioid-induced pain relief \[[@bb0205],[@bb0210]\] and thus may require higher morphine dos. Matsuoka et al. (2012) propose that may be due to increased density of mu-opioid receptors in Met/Met individuals \[[@bb0215],[@bb0220]\]. We found that in COMT Val/Val children, greater morphine exposure was associated with less externalizing behaviour. One recent study of preterm neonates exposed to low dose morphine (median 0.8 mg/kg; range 0.5--1.2 mg/kg, as compared to mean 3.6 mg/kg and range 0--58.8 mg/kg in the present study) has suggested that morphine-treated children showed fewer problems with executive functions by parent report \[[@bb0225]\]. Improved executive function including better inhibition may thus result in less externalizing behaviour in early childhood \[[@bb0230]\]. Children with COMT Val/Val genotype who have lower morphine efficacy may thus be protected by morphine. However, our previous findings suggested that morphine at higher doses may be associated with adverse brain development \[[@bb0085],[@bb0090],[@bb0140]\]. Morphine dosing in the NICU is adjusted according to clinical response. Therefore it is likely that neonates with the COMT rs4680 Met allele would receive higher exposure to morphine. However, children with greater pain sensitivity and with higher morphine efficacy (COMT Met/Met) may not necessary have sufficiently effective biotransformation. Such increase in morphine dose in neonates with higher efficacy of morphine with moderate or low morphine biotransformation may lead to adverse drug reactions and poorer long-term outcomes. Our result suggests that the practice of increasing the morphine dose according to clinical response has to be more carefully assessed and documented. With the advancement of fast and high throughput genotyping technology, these results may support the advantage of personalized medicine where we will know that morphine is better for some neonates and another medications may be better for others.

Some children in this study had behaviour problems despite no or low morphine exposure, indicating that the particular genotype (for example the COMT Met/Met individual) may have greater susceptibility for anxiety and depression \[[@bb0235],[@bb0240]\]. Another important point is that these morphine biotransformation-related genes are also involved in other pathways so that we only captured a part of their functions in this study.

We chose to use DSM-oriented subscales in addition to empirically based broad-band syndrome scales (internalizing and externalizing) based on previous studies showing that DSM-oriented subscales was able to better discriminate affective problem from anxiety problem in young girls, and provide good supplementary information \[[@bb0245]\]. Also, the use of DSM nosology may be easier to align with behavioural clinical diagnosis at older ages.

We did not find any significant sex-specific effects. It was possible that there may be sex dimorphic associations between clinical variables, genotypes and behavioural outcomes, however, our study did not have the power to explore all 3-ways interactions between sex, morphine exposure, and genotypes because of the low frequencies of some rare variants (e.g. UGT1A9 rs1786378, ABCC3 rs11568591). Another limitation is that we were unable to investigate possible gene-gene interactions (e.g. COMT and OPRM1 combined high-risk genotypes \[[@bb0210]\]; a far larger sample size would be necessary to evaluate these interactions. Moreover, we could not examine effects of additional exposure to other opioids such as fentanyl in the context of surgery, or to sedatives.

Our exploratory analysis highlighted a few biomarkers of morphine biotransformation and their interactions with clinical variables. However, gene expression levels in liver and brain, and the levels morphine metabolites cannot be directly measured in human subjects. Animal models are needed to further confirm the functions of the genes.

5. Conclusion {#s0075}
=============

Our findings suggest that higher exposure to neonatal morphine is associated with more internalizing and externalizing behaviours at corrected age 18 months in children born very preterm, but that effects are moderated by genetic markers in the morphine metabolic pathway, especially the variants of UDP-glucuronosyltransferase and catechol-*O*-methyltransferase. We found complex relationships between different biomarkers in the morphine biotransformation pathway and neonatal clinical factors in relation to long-term behavioural outcomes. These findings highlight the importance of individual genetic differences in morphine biotransformation biomarkers in order to minimize long-term adverse effects of high morphine exposure on behaviour in children born very preterm.
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